A RCCSD(T)/cc-pVQZ potential energy surface is constructed for the HOCO radical in the ground electronic state and used to compute rotation-vibration levels of HOCO and DOCO. Two numerical strategies are employed to study in detail the wavefunction properties. The importance of stretch-bend coupling, such as ν4/ν5 and ν3/ν4, for the internal dynamics is demonstrated. The rotational constants computed for the vibrational ground state of trans and cis conformers are in good agreement with experimental values.
I. INTRODUCTION
The reaction between hydroxyl radical and carbon monoxide is known to proceed via an energized HOCO intermediate,
This was first proposed by Smith and Zellner 1,2 and later verified in photoionization, 3 ultrashort laser pulse, 4 and infrared spectroscopic studies. 5, 6 The process of Eq.
(1) provides the most common pathway for atmospheric depletion of both OH and CO and is the principal source of heat in hydrocarbon flames. 7, 8 It is also known that the reaction of Eq. (1) exhibits a significant non-statistical (non-Arrhenius) behaviour.
9-12
The stability of the HOCO radical was first observed in a low-temperature CO matrix isolation study of Milligan and Jacox.
13 These authors showed the existence of two geometric isomers, trans-and cis-HOCO, and assigned five fundamental transitions. Later studies in an Ar matrix 14 concluded that trans-HOCO is more stable than cis-HOCO. The first gas phase detection of HOCO is due to Ruscic et al, 3 who found in a photoionization mass spectrometric study that HOCO is bound by 10.2 kcal/mol (3600 cm −1 ) with respect to the lowest energy dissociation products, H+CO 2 .
Experimental spectroscopic parameters of HOCO are still scarce in the literature. High resolution gas phase data are available for the vibrational ground state, [15] [16] [17] the fundamental ν 2 (C=O stretching) vibration, 18 and the fundamental ν 1 (H-O stretching) vibration 19, 20 of trans-HOCO and trans-DOCO. The first high-resolution spectra for cis-HOCO and cis-DOCO were obtained only recently. By means of Fourier transform microwave spectroscopy, Oyama et al. 21 recorded in total 25 lines for cis-HOCO and 46 lines for cis-DOCO, both in the vibrational ground state, and derived spectroscopic parameters of high accuracy. Recent photoelectron spectra due to Johnson et al. 22 provide the first gas phase observation of the low-frequency in-plane modes for both conformers of HOCO and DOCO.
In the theoretical front, a great deal of work has been focused on the curious kinetic behaviour of the reaction of Eq. (1). 12 Several global potential energy surfaces were constructed for reaction dynamics investigations.
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The potential energy surface of Schatz, Fitzcharles, and Harding, 23 which went through several iterations, 25, 28, 29 was used also for bound state calculations carried out by means of a five-dimensional approch, 30 a MULTIMODE approach, 31 , and by numerically exact full-dimenional strategies.
32, 33 Botschwina 34 calculated the equilibrium structures of both trans-HOCO and cis-HOCO at the level of the spin restricted coupled cluster theory and made predictions for the ground-state rotational constants of cis-HOCO that agree well with the experimental results published six years later. 21 Spectroscopic properties of HOCO were studied in detail by Fortenberry et al. who recently developed separate quartic force fields for trans-HOCO [Ref. 35] and for cis-HOCO [Ref. 36] , which were used to compute the fundamental frequencies, ground-state rotational constants, and centrifugal distortion constants by means of vibrational second order perturbation theory and vibrational configuration interaction. These force fields were reused in combination with a 6181-term RCCSD/aug-cc-pVTZ dipole moment surface to compute MULTIMODE infrared intensities for vibrational transitions of less than 4000 cm −1 . 37 Wang et al. 38 presented results for some vibrational transitions up to 2ν 1 and their intensities, obtained by means of three numerical approaches from a 918-term UCCSD(T)-F12/aug-cc-pVTZ potential energy surface common for the two HOCO forms and a 1928-term UCCSD(T)-F12/aug-cc-pVDZ dipole moment surface.
Our own interest in HOCO arises from the new experimental information on the pure rotational spectra 21 and the low-frequency modes. 22 The primary theoretical interest was awakened by the existence of two stable isomers undergoing large-amplitude torsional motion. For the electronic ground state X 2 A , we developed a new potential energy surface (PES) based on spin restricted coupled cluster calculations (Section II). The PES covers both isomers in the range of spectroscopic interest and allows consideration of large amplitude torsional motion. Vibrational and rovibrational calculations carried out by means of two computational methodologies (Section III) are used to derive the fundamental transitions (Section IV A), the torsional levels (Section IV B), and the effective rotational constants for the vibrational ground state of the trans and cis forms of HOCO and DOCO (Section IV C).
II. POTENTIAL ENERGY SURFACE
The six-dimensional (6D) potential energy surface for the electronic ground state (X 2 A ) of HOCO was scanned by means of the partially spin adapted coupled cluster RCCSD(T) method including single and double excitations and perturbative corrections for triple excitations. [39] [40] [41] The correlation consistent quadruple zeta basis set, commonly abbreviated as cc-pVQZ, was used. Only valence electrons were correlated. All calculations were carried out with the MOLPRO quantum chemistry program package.
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The coordinate space was parametrized in terms of the bond-distance-bond-angle coordinates r 1 , r 2 , r 3 , α, β, and τ . The three bond distances are r 1 = r(H-O), r 2 = r(O-C), and r 3 = r(C=O). The angles α and β stand for the two in-plane bending angles ∠HOC and ∠OCO, respectively, whereas τ denotes the dihedral angle measured from the cis side.
The ab initio points were fitted to a six-dimensional analytical expression of the form
where s i for i = 1, 2, 3 stands for the modified Morse coordinates,
The geometry of the torsional saddle point was chosen to define the reference geometry {r (2) and (3) . Optimum values for the three nonlinear parameters a i of the Morse coordinates s i from Eq. (3) were obtained with a Levenberg-Marquardt nonlinear least-squares algorithm. 44 For given a i , the expansion parameteres C ijklmn were determined by means of a linear least-squares procedure.
In total, 3261 RCCSD(T)/cc-pVQZ points with energies up to 10000 cm −1 above the trans minimum were considered. Some of the ab initio points previously calculated were also used. 45 For the final fitting, a weight of a ith data point of energy E i was set to 1/(E i +2500 cm −1 ), as previously done in our study of HCCN − [Ref. 46] . All parameters smaller than one and two times their standard deviation and most of the parameters smaller than three times their standard deviation were eliminated in repeated fitting cycles. In this fashion, we arrived at a functional six-dimensional expansion consisting of 191 terms. The standard deviation of the weighted 191-term expansion was 2.5 cm −1 . The expansion coefficients C ijklmn of this potential energy representation are summarized in Table I .
The zero of the energy scale is defined as the energy of the trans minimum.
A. Topography of the potential energy surface
The structural parametres of trans-HOCO, cis-HOCO and the torsional saddle point τ -HOCO obtained for the present RCCSD(T)/cc-pCVQZ potential energy surface are summarized in Table II . There we also list all electron RCCSD(T)/cc-pCVQZ results due to Botschwina 34 and RCCSD(T)/CBS results due to Fortenberry et al. 35, 36 obtained at the estimated complete basis set (CBS) limit. As seen in Table II , the optimum bond lengths and the optimum bond angles all agree within 0.009 a 0 and 0.3
• , respectively. The equilibrium rotational constants A e and B e , C e show agreement within respectively 0.04 and 0.002 cm −1 , i.e. within 0.6 %. The two-dimensional contour maps of the sixdimensional RCCSD(T)/cc-pVQZ PES are displayed in Fig. 1 . The contour maps clearly show that HOCO is a planar molecule possessing trans and cis minima. The cis minimum is 603 cm −1 above the trans counterpart, as seen in Table II . The torsional saddle point at τ = 86.7
• is 3270 cm −1 above the trans form (Table II) . The minimum energy path (MEP) along the torsional coordinate is obtained by energy minimization with respect to the other five coordinates. The optimum bond distance r opt 2 and the optimum bond angles α opt and β opt exhibit only weak torsional dependences (within 0.06 a 0 and 3
• ) along the torsional minimum energy path in Fig. 1 . For the optimum r 1 and r 3 values, we found variations within 0.01 a 0 . This finding readily indicates only weak coupling between the torsion and the in-plane vibrational modes.
III. BOUND STATE CALCULATIONS
In the bound state calculations, we employed the orthogonal (diatom+diatom) coordinates d 1 , d 2 , R, θ 1 , θ 2 , χ and the body-fixed expression of the kinetic energy operator. 33 For HO a CO b , the coordinates d 1 and d 2 refer to the H-O a and C-O b bond lengths, R is the distance between the centers of mass of the HO a and CO b subunits, θ i is the angle enclosed by the vectors d i and R (i = 1, 2), and χ is the out-of-plane (torsional) angle. The body-fixed z axis is chosen to be aligned with the vector R.
33 The (diatom+diatom) coordinates are particularly well suited to describe the dissociation of HOCO into the channel HO+CO.
For the rovibrational calculations, two numerical approaches were used, both employing a discrete variable representation (DVR) and a parity-adapted rotationalangular basis set. These methods involve no dynamical approximations and no re-expansion of the potential en- with the first contour placed at 250 cm −1 . The solid (red online) line gives the variation of the internal coordinate shown on the y axis along the torsional minimum energy path.
ergy. The DVR(6) method 47, 48 is based on the discretization of the entire six-dimensional angular-radial space. The DVR(6) calculations were carried out for J = 0 by means of primary or/and potential optimized DVR points. The second set of calculations was performed with the help of the DVR(+R)+FBR approach, [46] [47] [48] using combined discrete variable and finite basis representations for the angular coordinates (θ 1 , θ 2 , χ) in combination with a discretized Jacobi distance R, eigenfunctions for (d 1 , d 2 ), and symmetric top eigenfunctions for the rotational part. The DVR(6) and DVR(+R)+FBR methods both employ a contraction scheme resulting from several diagonalization/truncation steps to construct a compact basis set. The final matrix of modest size is diagonalized by standard routines, providing energies and wave functions in a simple fashion.
The DVR(6) and DVR(+R)+FBR approaches make use of several adiabatic projection schemes to study separability of (ro)vibrational motions (intermode couplings/mixing) and to characterize the exact quantum states. The computational methodology of the DVR (6) approach readily permits the construction of the adiabatic (zero-order) basis, consisting of eigenvectors computed in adiabatic torsion and in adiabatic bend approximations. The DVR(+R)+FBR, on the other hand, allows easy determination of the zero-order base in the adiabatic stretch (R) approximation. The quantum state character correlation scheme 47 is employed to monitor the evolution of the adiabatic representation in both DVR (6) and DVR(+R)+FBR computational approaches.
The DVR(6) and DVR(+R)+FBR approaches use different angular basis sets (of product and nonproduct type, respectively) and consider the contributions to the vibrational Hamiltonian in different order (different diagonalization/truncation schemes). Due to these numerical/algorithmic differences, the two approaches provide complementary information, useful for gaining a deeper insight into the nature of internal molecular dynamics.
A. Numerical aspects
The DVR(6) calculations for J = 0 were performed using 20 potential optimized DVR points for each of the two bending angles (θ 1 , θ 2 ), [13, 9, 8] potential adapted discrete points for the radial coordinates [R,
, and 21 (20) primary DVR points in even (odd) parity for the torsional angle χ, thus, giving the primary base of 7 862 400 and 7 488 000 functions in the inversion symmetric and antisymmetric block, respectively. The potential adapted DVR points were determined for the respective reference potentials defined by the equilibrium geometry of cis-HOCO. Dimensions of matrices diagonalized at different steps of calculation were in range 1000-2000. The final matrix had a dimension of 6300 and 6000 in even and odd parity, respectively.
In the DVR(+R)+FBR calculations, we employed 10 potential optimized DVR points for R and 12 twodimensional eigenfunctions for d 1 , d 2 , constructed for the trans-HOCO reference geometry. The maximum value k max for the projection quantum number k of the vibrational angular momentum was 15 in J = 0 and 18 in J = 4 calculations. The integrals over the torsional angle were solved by Gauss-Chebyshev quadrature of order 31. Gauss-Legendre DVR points employed for the bending angles were determined from P = 60 for θ 2 , keeping only the points distributed between 50
• and 180
• for θ 1 and between 0
• and 70
• for θ 2 . The primary basis included 646 680 functions for J = 0 and 5 800 440 for J = 4.
The DVR(6) and DVR(+R)+FBR results show excellent agreement: the fundamental ν 2 , ν 3 , ν 4 , ν 5 , ν 6 transitions agree better than 0.04 cm −1 , whereas we found an agreement within 0.09 and 0.5 cm 
IV. RESULTS
The (ro)vibrational levels of H/DOCO were analysed in detail by means of several adiabatic projection schemes, vibrationally averaged geometries, and a visual inspection of wavefunction nodal patterns. The different approaches helped to extract valuable informations on wavefunction properties.
The full-dimensional rovibrational energies are denoted by E (J,p) and the corresponding ordinal numbers by n (J,p) for a given total rotational angular momentum J and parity p. As usual, K stands for the quantum number for the body-fixed z-projection of J. Note that the direction of the diatom-diatom vector R is found to depart by at most 7
• from the true principal axes of H/DOCO along the torsional minimum energy path, such that R provides a good approximation for the principal moment of inertia axis.
A. Vibrational transitions
The fundamental vibrational transitions calculated for the present RCCSD(T)/cc-pVQZ PES are compared in Table III with available experimental data and recent theoretical results. The high resolution gas phase data, [18] [19] [20] only available for ν 1 and ν 2 of trans-HOCO and trans-DOCO, are listed there along with the values for ν 3 , ν 4 , ν 5 of HOCO and for ν 3 , ν 5 of DOCO from photoelectron spectroscopic studies. 22 Note that the photoelectron spectroscopic data were reported with uncertainties of ±5 cm −1 for ν 5 and ±10 cm −1 for ν 3 and ν 4 . For ν 1 , ν 2 , and ν 6 of the cis isomers, the experimental data are available only from matrix isolation studies.
13,14,49,50
The theoretical results due to Johnson et al. 22 were obtained by means of second order vibrational perturbation theory (VPT). Since the transitions from the vibrational configuration interaction calculations of Fortenberry et al. 35, 36 were found to be less trustworthy compared to the VPT findings, 51 we give their VPT results in Table  III .
Comparison with previous theoretical and experimental work
Our results for trans-HOCO and for ν 1 , ν 2 , ν 3 , ν 5 of cis-HOCO in Table III 
for free cis-HOCO and cis-DOCO, respectively. These are larger by 12 and 10 cm −1 than our ν 1 results in Table III. In accord with the large ∆ν 1 shifts in solid CO, it is expected that all vibrations involving hydrogen are affected by the interaction with CO, in particular the torsion. The torsional motion should appear more confined in the CO matrix than in the free radical, with the torsional fundamental at a larger frequency in the former case. The torsional ν 6 transitions observed in the CO matrix 13 Table III . Other experimental data for ν 6 are not available.
Low-frequency vibrations
The low-lying in-plane vibrations ν 3 , ν 4 , and ν 5 of H/DOCO were characterized with the help of the zeroorder functions obtained in the adiabatic bend approximation for the planar arrangements (χ = 0, 180
• ). In the adiabatic bend approximation, the zero-order five-mode wavefunctions | k; γ) are described by the kth state of the three-dimensional stretching vibration and the γth state of the two-dimensional bending vibration.
47
The energy of the adiabatic state | k; γ) is ε adi . The five-mode energies obtained including the stretch-bend coupling are designated with ε (5D) . In the DVR(6) approach, the full-dimensional vibrational energies E (J,p) are computed for J = 0 and parity p from ε (5D) after the inclusion of the torsional contributions (the kinetic energy and kinetic coupling with the in-plane vibrations).
The energies ε adi , ε (5D) , and E (0,0) are compared in Fig. 2 for ν 3 , ν 4 , and ν 5 . The adiabatic expansions in terms of | k; γ) for the five-mode states denoted by a, b, c, d in Fig. 2 are summarized in Table IV . The latter two-component and three-component expansions provide more than 90% of the corresponding five-mode wavefunctions. The notation used by the code for | k; γ) is employed in Table IV . The adiabatic states | 0; 1), | 0; 2), and | 1; 0) arise from the θ 2 , θ 1 , and R motion, respectively.
The coupling between the torsion and the ν 3 , ν 4 , ν 5 in-plane vibrations is weak for H/DOCO, as evident by small differences (up to 3.8 cm −1 ) between the five-mode energies ε (5D) and the accurate level energies E (0,0) in Fig. 2 . On the other hand, nonadiabatic (stretch-bend mixing) effects appear very important. The levels ε (5D) of HOCO correlated with ν 4 and ν 5 are pushed apart with respect to ε adi due to stretch-bend coupling. The difference ∆ε between ε (5D) and ε adi amounts to -93 and +47 cm −1 for trans-HOCO and to -92 and +18 cm −1 for cis-HOCO for ν 5 and ν 4 , respectively. The corresponding zero-order eigenvector mixing in Table IV amounts to about 15%. For ν 4 of cis-HOCO, we also see the contribution from | 0; 2) in the amount of 12%. Here the | 0; 2)/| 1; 0) (ν 4 /ν 3 ) mixing acts in the opposite direction from | 0; 1)/| 1; 0) (ν 4 /ν 5 ), leading to a smaller ∆ ε value of 18 cm −1 compared to the value of 47 cm −1 for ν 5 .
For the DOCO isomers, the ν 3 /ν 4 mixing becomes even more important. For ν 3 and ν 4 , the differences ∆ε are found to be +83 and -68 cm −1 for trans-DOCO and +94 and -64 cm −1 for cis-DOCO. Inspection of To illustrate the importance of the ν 3 /ν 4 mixing, the two-dimensional contour maps of the six-dimensional wavefunctions for the vibrational ν 3 state of trans-HOCO, cis-HOCO, trans-DOCO, and cis-DOCO are shown in Fig. 3 . Whereas | 0; 2) (angular character) provides the predominant contribution to ν 3 of trans-HOCO, the stretching contribution from | 1; 0) to ν 3 increases from 12% for cis-HOCO to 45% for trans-DOCO to 58% for cis-DOCO (see Table IV ). Having identified the origin of ν 3 in trans-DOCO as | 0; 2) in Table IV , we may assume that the origin for ν 4 of trans-DOCO is the zeroorder stretching state | 1; 0).
It should be said that this type of analysis has led to the same conclusion regarding the properties of ν 3 , ν 4 , ν 5 also in the case of the quartic force fields due to Fortenberry et al. 35, 36 . For the latter PESs, the adiabatic expansions for the five-mode states considered in Fig. 2 were found to be almost identical to the results in Table IV for the PES developed here.
The nonadiabatic effects promote normal-mode character (collective nuclear motion) for the low-frequency ν 3 , ν 4 , ν 5 vibrations involving both radial and bending degrees of freedom. Rotational excitation does not affect the intermode mixing in these states for both HOCO and DOCO, as seen from the corresponding adiabatic expansions calculated for J = 0 − 4.
Stretching ν1 and ν2 vibrations
The high-frequency ν 1 and ν 2 stretching vibrations are found to be almost insensitive to the stretch-bend coupling. This is shown in Table V , where we compare the stretching energies ε (1D) str from the one-dimensional calculations with the corresponding five-mode energies ε (5D) . As seen there, the two energy groups differ by at most 15 cm Table IV. TABLE IV: Adiabatic expansions in terms of the zero-order functions | k; γ) for the five-mode states ε (5D) denoted by a, b, c, d in Fig. 2 . The zero-order function | k; γ) stands for a level with k quanta in the 3D stretching vibration and γ quanta in the 2D bending vibration. The zero-order contributions underlined here are all larger than 50%. The five-mode states a, b, c, d correlate with the full-dimensional E (0,0) vibrational ν5, ν4, ν3, 2ν5 states, respectively. ν 2 energies given in Table III additionally indicates that the coupling with the torsional motion is weak.
The stretching ν 1 and ν 2 vibrations are of local-mode type, representing the H-O and C=O stretch, respectively. In agreement with this, the characterization of the states involving ν 1 and ν 2 was easily done with the help of the root mean square deviation σ q , defined as The wavefunctions corresponding to the ν 1 and ν 2 fundamentals of HOCO possess a large dominant contribution (larger than 95 %). The same was also found for the quartic force fields of Fortenberry and others. 35, 36 Note that ν 1 of cis-HOCO was identified as a mixed state in the calculations of Wang and others.
38

B. Torsion
The torsional motion of HOCO is described by an anharmonic double-minimum torsional potential with a non-planar barrier between the trans and cis arrangements. The expectation value χ of the torsional angle is found to be about 165
• and 10
• in the vibrational ground state of the trans and cis isomers, respectively. It amounts to about 155
• and 20
• in the first excited torsional states.
HOCO levels residing either in the trans or the cis well were found by inspection of the expectation value χ of the torsional angle. The extent of delocalization of the nth state is quanified with the help of the integrated wavefunction probability amplitude P
giving the localization probability for the χ interval (a, b). In Eq. (4), Ω stands for all other coordinates. The localization probability in the trans well is obtained setting a = χ sp and b = 180
• , where χ sp gives the position of the torsional saddle point (see Table II ). In the diatomdiatom description, χ sp = 79.1
• . The vibrational ground state of trans-HOCO and the vibrational ground state of cis-HOCO lie at 4562 cm
and 5100 cm −1 , respectively. Although both ground states are placed above the electronic torsional saddle point at 3270 cm −1 (Table II) , we found that the majority of the calculated HOCO levels are localized in one of the two wells even at high vibrational energy. This high-energy state localization can be easily understood in terms of effective (adiabatic) torsional potentials 
• ) n of respectively 0.28 and 0.90. The tunneling states of HOCO and DOCO described in the previous paragraph are found to be pure torsional levels (ν i = 0). They lie in the vicinity of the ground state adiabatic barrier. Pure torsional states above adi V 0 (χ = χ sp ) are all delocalized over both minima. To illustrate this, we show in Fig. 4 the wavefunction contour map for the even-parity HOCO torsional state 11ν 6 lying at 9228 cm −1 . The effective torsional frequency ν ef f 6 (ν i ) upon the excitation of the in-plane mode ν i , estimated as the energy difference between the odd-parity and even-parity values,
are summarized in Table VI . There we see that the largest deviation of 13 cm −1 is between the fundamental torsional frequency from Table III 
The zero-order functions | i, α; p), computed in the adiabatic torsion approximation, describe the adiabatic levels with i quanta in the five-mode in-plane vibration and α quanta in the torsion for a given parity p. In Eq. (6), | 0, 1; 0)=| 2ν 6 ), | 2, 0; 0)=| ν 4 ), and | 4, 0; 0)=| ν 3 ) holds for even parity (p = 0). The levels 2ν 6 , ν 4 , and ν 3 are at 1041, 1059, and 1278 cm −1 , respectively. For the quartic force field of Fortenberry et al 36 for cis-HOCO, the 2ν 6 level was found to exhibit only ν 3 /2ν 6 mixing (to an extent of 5%) and no ν 4 /2ν 6 mixing. 51 The latter finding stems from the fact that the quartic force field of Fortenberry et al. supports a torsional frequency that is 21 cm −1 larger than ν 6 for the PES developed here. The ν 4 , 2ν 6 , ν 3 levels of cis-HOCO and the PES of Fortenberry et al. are calculated to be 1046, 1099, and 1282 cm −1 , respectively.
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For the present RCCSD(T)/cc-pVQZ PES, the ν 4 /2ν 6 mixing in cis-DOCO was found to be less pronounced (to an extent of 6%). On the other hand, ν 2 /ν 3 + 2ν 6 for trans-DOCO and ν 2 /ν 4 + 2ν 6 for cis-DOCO appear strong with a mixing of 35% and 24%, respectively.
C. Rotational constants
The rotational constants for the vibrational ground state of the trans and cis isomers of HOCO and DOCO are summarized in Table VII . Our values are obtained from J = 0, 1 calculations with the DVR(+R)+FBR approach. The theoretical results of Fortenberry et al. 35, 36 were derived by means of vibrational second order perturbation theory.
The rotational constants A from the present work agree within about 30, 600, 100, and 300 MHz with the experimental finding 16, 17, 21 for trans-HOCO, cis-HOCO, trans-DOCO, and cis-DOCO, respectively. Our rotational constants B and C are approximately 50 MHz smaller than the experimental counterpart. With respect to the experiment, the rotational constants A due to Fortenberry et al. are larger by about 500 MHz and 200 MHz for respectively trans-HOCO and cis-HOCO, whereas the agreement is within 20 MHz for B and C. 35, 36 are shown in the columns denoted by I and II, respectively. The angles are given in degree and the distances in a0. For both forms of HOCO and DOCO, we give in Table VIII the vibrationally averaged geometries for the vibrational ground state obtained for the present RCCSD(T)/cc-pVQZ PES and the previous quartic force fields. 35, 36 The expectation values of the bond-distancebond-angle coordinates were obtained by their direct averaging, i.e. they were not evaluated from the expectation values of the orthogonal coordinates employed in the rovibrational calculations. The differences between the expectation geometries for the two PESs are comparable with the differences seen between the corresponding equilibrium structures in Table II. Comparison of Tables  II and VIII shows an increase of r 1 , r 2 , and r 3 with respect to r 21 derived a r 0 structure given by (1.841 a 0 , 2.536 a 0 , 2.232 a 0 , 107.4
• , 127.4
• ) for trans-HOCO, where the internal geometry (r 1 , r 2 , r 3 , α, β) is given in terms of the bond-distance-bond-angle coordinates. For cis-HOCO, they found (1.873 a 0 , 2.511 a 0 , 2.237 a 0 , 107.3
• , 131.1 • ). Both conformers were assumed to have a planar structure. These r 0 structures were derived also assuming the theoretical UCCSD(T)-F12/aug-cc-pVTZ values for r 2 , which is thus more comparable with the value for r e 2 in Table II . Regarding the non-adjusted parameters in the r 0 structures, we note a difference of 1
• for β = ∠(O-C-O) with respect to the results of Table VIII. Upon deuteration, only r 1 in Table VIII is changed by an amount of 0.01 a 0 , as assumed in Ref. 21 . The contributions of the zero-point vibrations were not considered in Ref. 21 .
The experimental rotational constants available for HOCO and DOCO do not provide all the information needed to derive complete experimental structures of cis and trans conformers since I 1 = I 2 +I 3 holds for the principal moments of inertia I 1 , I 2 , I 3 of planar tetratomic molecules. In other words, (at least) one of the internal coordinates has to be assumed known in a fitting procedure. After several tests, the distance r 3 was chosen to be kept constant: we used r 3 = 2.2236 a 0 for trans-HOCO and r 3 = 2.2335 a 0 for cis-HOCO as the mean of r e 3 from our work and Refs. 35,36 from Table II. Combining the theoretical ground-state vibrational corrections A e − A 0 , B e − B 0 , C e − C 0 obtained for the RCCSD(T)/cc-pVQZ PES with the experimental ground-state rotational constants due to Oyama et al. 21 we finally derived the semi-experimental equilibrium r e structure (r Table II . Analytical expressions for the principal moments of inertia in the bond-distance-bondangle description and their numerical partial derivatives with respect to the geometric parameters in combination with a Levenberg-Marquardt nonlinear least-squares algorithm 44 were used to compute the semi-experimental equilibrium geometry.
V. FINAL REMARKS
The RCCSD(T)/cc-pVQZ potential energy surface developed for the HOCO radical was combined with advanced strategies for the calculation of rotation-vibration levels of tetratomic molecules. Our study showed that the main features of the energy spectum of H/DOCO are large amplitude torsional motion and anharmonic mixing of the low-frequency stretch with the bending modes, whereas the coupling between the torsion and the lowfrequency in-plane modes appears to be less pronounced in the region of the fundamental transitions. For a given state of the in-plane vibration, the torsional structure is found to exhibit two limiting cases associated with oscillator and rotor spectral patterns.
Several additional studies on the HOCO system are in progress. The first part is concerned with the improvement of the functional form used here to represent the potential energy surface. The analytical expansion of Eq. (2) is invariant under the spatial inversion (τ → 2π − τ ). However, it is not independent from the torsional angle for linear arrangements (α, β = 0, π). These two properties of V , which are general features of any tetratomic molecule, 52 have to be combined together to obtain a physically justified potential-energy representation. Molecular arrangements with a strictly linear HOC (α = π) or OHC (α = 0) skeleton, important in the direction of the HO+CO channel over the configuration space of the weakly bound complexes HO-CO and OH-CO, 6 occur at roughly 10000 cm −1 . The exit channel HO+CO is also seen at this energy in Table IX . This provides an explanation why only ab initio points with energies up to 10000 cm −1 above the trans minimum were considered in the current fit. The further development of the PES is based on almost twice as many energy points, which have been already computed.
Ab initio points along the torsional minimum energy path were explicitly included in the fitting procedure. The number of non-planar arrangements was somewhat larger than 2000. Considering that the torsional motion above the torsional saddle point experiences a constant potential-energy contribution in the free-rotor region, we may state that our PES provides a reliable description useful for studying at least general torsional properties. In that respect, the HOCO system nicely complements the other class of tetratomic molecules, provided by the CHNO family. 53 In Table IX , we also list the optimum structure of the local minimum HCO 2 , which can be related to the trans and cis forms by hydrogen migration. This is another challenge for improvements of the potential energy representation, since the two (different) oxygen atoms exposed to different interactions in HOCO become equivalent in HCO 2 .
The rovibrational states of HOCO pose also a challenge for numerically exact methods. The reason for this is due to the large-amplitude torsional motion, exhibiting the onset of a rotor-like energy structure below relatively high barriers to linearity. To treat this, we need primary functions capable to capture both the one-dimensional torsional character and the rotational character of the two-dimensional vibrational angular momentum. From a practical point of view, basis sets comprising a large number of functions are required to handle the rovibrational motion of HOCO in a numerically exact fashion. We completed the rovibrational calculations for up to J = 4 in both parity. The results of this work, under analysis now, will be discussed in more detail elsewhere.
A final comment concerns the asymptote H+CO 2 , seen at 2150 cm −1 above the trans minimum in Table IX . The ground-state energy of CO 2 is calculated to be 2536 cm −1 employing the CO 2 potential energy surface of Carter and Murrell 54 and our DVR-DGB approach for triatomic molecules. 55, 56 In view of this estimate, states localized in the HOCO region at energies above 4686 cm −1 are, rigorously speaking, resonance states embedded into the continuum. For the RCCSD(T)/cc-pVQZ PES, only the ground state of trans-HOCO at 4562 cm −1 appears as a true bound state. 
